Introduction
Rotator cuff repair by tendon reinsertion on the proximal humerus aims to treat pain and initial functional impairment and prevent the occurrence of eccentric shoulder osteoarthritis [1] [2] [3] [4] [5] . Due to the development of minimally invasive techniques (miniopen or arthroscopic), anchors have gradually replaced transosseous sutures, which have been the gold standard for cuff surgery [6, 7] . Tendon reinsertion is now usually done with suture threads mounted on anchors to restore attachment to bone. These metal, absorbable or polyetheretherketone (PEEK) anchors, screwed or impacted, are considered the reference device for tendon reinsertion [8, 9] . Not all anchors have the same pullout strength or thread resistance, however [8, 9] . Anchors require surgical preparation of the bone insertion site (drilling or punching), and their size (up to 6.5 mm) limits the number of anchors on the insertion site, which can lead to bone loss and result in imprecise tendon reinsertion. Finally, interarticular migration (of the entire anchor or fragments), prominent intra-articular portions and resorption granuloma fractures have been described in anchor failures [10] [11] [12] [13] [14] . Due to the volume and reported complications of anchors, some surgeons prefer to repair the rotator cuff with transosseus points, allowing a very small gap between attachment points without using anchors [15] .
Recently, all suture anchors (ASAs) made with textile and with a reduced diameter were introduced for arthroscopic repair of the glenoid labrum. These anchors are entirely composed of suture and require a bone tunnel of 1.4 mm in diameter, which is substantially smaller than that of the screw anchor (SA) (three to six millimetres). In tendon-insertion repair of rotator cuff muscles, the use of small-diameter ASAs (1.4 mm) could increase the number of bone anchors compared with a rigid SA of larger diameter while preventing complications theoretically related to the use of a rigid anchor. There is no study in the literature evaluating the biomechanical pullout resistance of the ASA in rotator cuff repair.
The hypothesis of our biomechanical study is that the pullout strength and displacement of two ASAs of reduced diameter (1.4 mm) is statistically equivalent to that of a single SA with a larger diameter (5.5 mm) (control).
Methods
The ASA has a reduced diameter of 1.4 mm and does not use a rigid fixation device. During an insertion repair of one or more rotator cuff tendons, the reduced diameter can theoretically increase the number of anchorage points, thus providing a larger number of anchors compared with anchors of a greater diameter. To provide an answer to our hypothesis, we conducted a biomechanical, in vitro experimental study using bovine bone with uniaxial tensile test measuring pullout strength of two ASAs compared with a control SA. (Fig. 1) .
Fifteen fresh bovine tuberosities of the humerus bone were stripped of all soft tissue, and one area of insertion was defined: a cancellous trough created by decortication with an electrically powered burr on footprint cortex. The bullocks were all between two and three years of age. Bovine humerus was chosen for several reasons: reproducibility, ease of machining and local availability. We paid particular attention to limit cycles of freezing and thawing during exposure to room temperature, which may alter the biomechanical properties of bone; even five freezing-thawing cycles do not significantly affect the biomechanical properties of bovine cancellous bone [16] . In order to increase the repeatability of our experiment, biomechanical tests were performed the same day, making necessary advanced preparation of bovine bone. In total, only two cycles of freezing-thawing were needed: one to allow preparation of the tuberosities; the other for testing. Exposure time at room temperature was under 30 minutes for the preparation and under 12 hours for testing. Bovine greater tubercles were placed in the same position (greater tubercle to the apex) and then set in resin blocks in PEEK with two independent eyelets in which two polyethylene threads of ultra-high molecular weight (FiberForce 2 threads, size 2) were inserted. A control PEEK anchor was chosen because it is considered a reference standard [9] in cuff repair and is an alternative to metal (nonbiodegradable plastic radiotransparent, high mechanical resistance to deformation) [17] . Fixation of anchors was conducted in accordance with manufacturers' recommendations using the arthroscopic ancillary dedicated to each anchor. The anchors were introduced perpendicular to the tangent through the implanted bone surface. The ASAs were implanted at four millimetre intervals. To limit the variability of bone support, each pair of ASAs was compared with a control SA implanted on the same tuberosity at two centimetres from the ASAs. The thread of each anchor was tied to the thread of the second ASA by a series of loops. The anchoring threads were placed such that they do not cross before the knot on the drawbar (Fig. 2) . For the SAs, the two threads were knotted by a series of loops identical to that of the ASAs. All threads were tied on the drawbar arbitrarily at 11 cm from the surface of the implanted bone with an identical tension on each thread (Fig. 2) . This device was designed to prevent unequal thread length between anchor types during the pullout test.
We conducted a uniaxial pullout test at the speed of 10 mm/min using a Material Testing System Instron 5566A until failure of the anchorage, defined as rupture of threads, rupture or anchor pullout (Fig. 3) . The tests were all performed at room temperature in a dry environment. Tensile load was applied parallel to the axis of insertion. A preloading of 10 N was used to overcome loading artifacts of the test sample at the beginning of test. Each experimental condition was repeated 15 times to assess repeatability. Parameters measured were load to failure (breaking force in Newtons), elongation at rupture (mm) and reason for anchor failure.
Statistical analysis was performed using the software GraphPad Prism 6. Test data were analysed for means and standard deviation (SD). Kolmogorov-Smirnov tests were used to confirm that all distributions were normal Unpaired Student's t test was used to compare the average load to failure and displacement between ASA and SA group. Significance was set at p≤0.05.
Results
During testing, two test samples were not tested because the implantation was not consistent with the experimental protocol (anchor damage during implantation). The reason for ending the test in the ASA group was anchor pullout from supports in 12 cases (Fig. 4 ) and thread rupture in one case.
In the SA group, the reason for ending the test was anchor fracture (eyelet) in five cases (Fig. 5 ) and anchor pullout from support in eight cases ( Table 1 ). The average load to failure for the ASA group was 265.06±87.25 N and 325.35±113.46 N for SA. The average displacement (mm) measured at rupture was 23±7 mm for ASA and 21±6 mm for SA ( Table 2) .
Analysis of traction-force curves
Analysis of traction-force curve (load) in the displacement function showed a long elastic phase, a short plastic phase and a sudden return to the lack of load related to detachment or rupture in both anchorage systems. All curves for the ASA during elastic deformation (150±27 N) showed a plateau phase corresponding to displacement of the test sample of an average of 3 mm. (Figs. 6 and 7) .
Statistical analysis
Student's t test showed no statistically significant difference between the ASA and control SA in terms of pullout force (p=0.099) and mean displacement at rupture (p=0.459). (Table 2 )
Discussion
This study was not designed to compare the pullout strength of anchors available on the market but to determine the pullout strength and displacement of an experimental device using two ASAs of 1.4 mm placed four millimetres apart compared with one SA control anchor of 5.5 mm. We postulated that there was no statistically significant difference between pullout strength and displacement of a double-fixed bone ASA and a single-fixed control SA. Our experimental study showed no statistically significant difference between the two types of anchor at the chosen level of significance (p <0.05) measured on different criteria (average load to failure and displacement). In vitro, the use of multiple ASAs increased overall anchorage strength, with an average breaking strength measured in our study of 265.06±87.25 N. The reasons for ASA failure were anchor detachment and detachment or anchor fracture at the eyelet level for SAs. A previous biomechanical study [9] showed that ASAs used individually underwent lower pullout strength than traditional SAs or impacted ones. The reasons for anchor failure were different (for ASA, anchor detachment; for SAs, anchor detachment and fracture) [6, 18, 19] . The pullout strength obtained in that study was lower, but this is probably related to the nature of the support (bovine tuberosity in our study; porcine femoral diaphysis in the Barber et al. [9, 17] studies). During SA failure (anchor detachment or eyelet rupture), the release of intra-articular foreign bodies (anchor fragments) can have adverse effects, especially on cartilage [10] [11] [12] [13] [14] . For ASAs, it is likely that the complications of failure are mild and comparable with those of a transosseous suture. Analysis of traction curves showed a slightly different behavior of ASAs compared with control anchors, which were not described in previous studies [8, 9] . Indeed, after an average threshold of 150±27 N, anchorage mobilises slightly to reach the subcortical bone (Fig. 6 ). This mobilisation corresponds to the plateau phase of the tension curve of the ASA; 3 mm of displacement probably corresponds with less tissue approximation and ASA compression. This finding emphasises the importance of a rigorous implantation and the value of a manual preload performed by the surgeon after implantation in order to place it as close as possible under the subcortical bone. Finally, the average displacement measured at the breakpoint corresponds to the displacement of the entire test sample (support, anchor, thread). The amount of displacement measured for the two anchorage points is mainly due to stretch deformation of the suture loop and does not reflect anchor migration, which can be found in vivo. This, therefore, does not permit a conclusion regarding the importance of anchor movement, especially for ASAs, during the plateau phase.
In the literature, the optimal technique described for rotator cuff repair combines a high load to failure and tendon compression after suture, allowing tendon healing [20] . Medial positioning at the edge of the cartilage guarantees a better bone stock, which is required for optimal anchor attachment [21] . Its association with a double-row repair leads to better biomechanical strength (greater pullout strength in axial tension) compared to a single-row repair, prevents formation of a gap between the bone and tendon and provides better coverage and increased tendon compression on the "foot print" [21] [22] [23] . Furthermore, in vitro, increasing the number of sutures leads to decreased gap formation, undercycling loading and increased load to failure [24] . Optimal fixation of a repaired rotator cuff requires the use of a larger number of anchors and increases the risk of propagation fracture between anchors. Moreover, during a standard repair, anchoring can be limited to a single point because of the large diameter of the anchor and the small size of the lesion. Application of bone-tendon could then be limited by the formation of tendon plication. In order to improve the anatomy and isometry when transfixing a rotator cuff tear, the reduced anchor diameter allows an increased number of anchorage points and a more uniform application of tendonbone at the edge of the cartilage. This provides sufficient pullout strength without the complications described for rigid anchors.
Ours was an in vitro study in a dry environment at room temperature, which is its main limitation, and thus correlation is difficult with physiological biomechanics of the shoulder joint. To obtain perfect reproducibility of the experimental conditions and to achieve better comparability with other biomechanical studies, we conducted a vertical pullout test measuring load to failure of two anchorage, not an evaluation of a cyclic traction force on anchors or the link between rotator cuff tendon and suture anchor placement. Traction force was applied perpendicular to the bovine bone surface, which is very different in vivo, where the angle of tendon-force application with respect to the bone surface is more acute, variable according to the position of the shoulder and depends on the type of repair (single or double row). However, application of vertical tension force prevents thread ruptures at the eyelet and potentiates detachment resistance of SAs compared with angular tension tests [25, 26] . Applying the pullout test at one angle only did not allow us to determine ASA behaviour during a pullout test at a greater angle and thus its absolute detachment resistance in vivo. However, because when using the ASA there is no eyelet, angular tension-force variation may have less impact on detachment resistance.
We have found no published biomechanical study providing a threshold of in vivo or in vitro minimum resistance detachment to ensure successful repair. The average maximum force developed by the supraspinatus muscle on the healthy greater tuberosity is more important in active abduction and is estimated by Wallace et al. to be 300 N [27] . Some authors use this estimated limit as an objective to ensure efficiency of their repair [28] . It is likely that the minimum resistance to detachment that will allow rotator cuff healing is multifactorial (bone and tendon trophicity, muscle involution), and is probably less when inserted in the degenerative rotator cuff.
The mechanical approach to cuff repair described should not be used exclusively on all patients and must involve a biological approach. Indeed, the biological properties of bone, tendon and muscle trophicity probably play a role in the success of rotator cuff repair. Increasingly, authors are studying the influence of reported parameters in relation to successful rotator cuff repair, such as the use of growth factors [29] or compression of the tendon-bone repair [22] . It is clear that consideration of the mechanical technique and enhancement of the healing process will favour successful repair.
Conclusions
In vitro, the experimental model suggests that two ASAs have equivalent pullout strength as that of an SA. This biomechanical study is a preliminary experiment in the use of small-diameter ASAs in rotator cuff repair as well as a clinical study evaluating the efficacy of this repair.
